The subunits that make up the capsid of a doublestranded DNA phage have been found to be arranged as covalently bonded, interlinked pentamer and hexamer rings. This remarkable 'chainmail' arrangement raises interesting new questions about macromolecular assembly. Address The study of structural biology is generally a satisfying endeavor at the experimental and conceptual level. The discovery of a new structure is often met with "yes, of course", when its relation to function is understood. Cellular chemistry, on the other hand, often leaves the molecular biologist asking "why was this approach chosen?" Structural concepts generally transcend scale: ideas that work in the backyard often work on a nanometer scale, and much of structural cell biology falls into this category. With a few notable exceptions [1,2], structural virology has been a particularly satisfying area that readily joins common sense logic to biological reality. This relationship has been made somewhat less cosy with the recent report by Duda [3] that a viral capsid structure is stabilized by chain-linking hexamer and pentamer rings of identical protein subunits.
The problem arises, not on structural grounds -chain linking is an excellent and well-known way to strengthen a fence or armor -but on conceptual grounds. Duda [3] proposes, and thoroughly supports, the notion that the capsid of the double-stranded DNA phage HK97 uses chain linking, or chainmail as he calls it, to strengthen the shell that transports and delivers the nucleic acid in this viral infection. To achieve this, identical proteins, associated in rings of hexamers and pentamers, must not only form covalent interactions with neighbors in the same ring, but also in the process interlink the oligomeric units. A covalent bond is formed between the side chains of lysine 169 in one subunit and asparagine 356 in an adjacent subunit, in such a way that it catenates the rings of hexamers and pentamers ( Figure 1 ). The autocatalytic reaction depends only on the reactive constituents and a conformational state of the protein capsid. As previously pointed out [4] , the particle is enzyme, substrate and product in this reaction.
In order to appreciate both the structural concepts and problems associated with this assembly, it is necessary to review some of the basics of icosahedral virus structure. Crick and Watson [5] proposed in 1956 that spherical viruses are probably formed by identical gene products
Figure 1
A hypothetical model of the HK97 capsid, showing one possible way that the viral chainmail could form. (a) Stereo view of seven identical monomers -a hexamer and one pentamer subunit -which form the icosahedral asymmetric unit of the T=7 particle. Within each oligomer, the carboxy-terminal arm from each subunit reaches out to its neighbor; a covalent bond is formed between asparagine 356 at the carboxyl terminus and lysine 169 in an adjacent subunit (white sphere). The entire oligomer is thus covalently linked into a single unit. The unprecendented feature is the intertwining between monomers of adjoining morphological units (arrow) that forms the catenated, covalently closed loops referred to as 'chainmail'. (b) A model of the entire HK97 icosahedral capsid. Each subunit loops around one neighbor from an adjoining morphological unit, as in (a). The icosahedral asymmetric unit represented in (a) is outlined in white. The outline of the icosahedron is shown in yellow and the T=7 quasiequivalent net (Figure 3 ) is outlined in green. arranged with the symmetry of the platonic solids. This prediction was based on the compelling argument that there is insufficient space in a virus particle to accommodate enough genetic information to encode a protein large enough to make a shell with a unique amino acid sequence. It is easy to imagine protein surfaces evolving that are complementary and so repeatedly interact with each other to form a closed shell. Symmetry arises naturally in such an assembly.
Crick and Watson [5] suggested that tetrahedral, octahedral or icosahedral arrangements would all produce 'spherical' particles, but the apparent universal solution used by spherical viruses is the symmetry of the icosahedron [6] . Again, the logic of this choice is obvious. Assembly of 60 identical subunits into an icosahedron, with its five-fold, three-fold, and two-fold point group symmetry, forms the largest possible shell, for a given sized subunit, in which all subunits are in identical environments. The geometrical identity of the constituent proteins, all 'programmed' with correct surfaces to interact and form a closed shell, leads naturally to spontaneous or self-assembly.
There are a number of RNA plant viruses that can be disassembled and reassembled in vitro to form infectious virus particles [7] [8] [9] [10] . Recently it has been possible to examine particle assembly computationally, with subunits represented by reduced mathematical models [11] . Assembly at this level seems to be a simple chemical equilibrium, with the particle strongly favored under physiological conditions [12] . HK97 and all other doublestranded DNA phage are more complicated. Figure 2 illustrates the assembly and maturation pathway that leads to infectious HK97 virions. It is reasonable to assume that the multi-step process is also required for the acrobatic interactions of protein subunits that leads to the chainmail shown in Figure 1 .
The first step in the HK97 virion assembly pathway, as with the simpler RNA-containing icosahedral viruses, is the equilibrium assembly of a protein shell, known as prohead I. Prohead I is reversibly assembled in vitro from its constituent hexamers and pentamers. There is also equilibrium between the hexamers and pentamers themselves, which can be changed by solvent conditions. The assembled prohead has the symmetry of the icosa-hedron, but it contains 420 subunits, not 60! There are seven subunits in each of the 60 icosahedral asymmetric units.
The prohead I structure shown in Figure 2 was determined by cryoelectron microscopy and image reconstruction [13] . The organization of the 60 hexamers and 12 pentamers is consistent with the so-called 'quasiequivalence' rules of Caspar and Klug [14] . Figure 3 illustrates these rules as they apply to the 'T=7' HK97 capsid. The appearance of hexamers and pentamers in many viral capsids also explains the virtually universal appearance of icosahedral symmetry in spherical viruses. The exact point 
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Steps in the assembly and maturation of the HK97 capsid. The assembly in vivo normally involves the head subunit, the portal and a viral protease as indicated. Symmetric particles containing 415 head subunits (420 minus 5 subunits from a unique pentameter that is replaced in vivo by the connecter) and no portal assemble spontaneously in a bacterial system co-expressing head subunit and protease. All the cryoelectron microscopy reconstructions were made with these particles [13] .
group symmetry of the icosahedron readily accommodates the approximate, quasi-equivalent symmetry required to construct shells with more than 60 subunits. These particles have icosahedral symmetry and accommodate larger genomes than a 60 subunit particle, but with no additional genetic expense [15] .
The assembly of prohead I is rendered irreversible by the action of a virally encoded protease, which is packaged in the prohead I shell during its assembly, and this leads to formation of prohead II. Removal of the first 102 residues of the capsid protein by the protease leaves the outside surface of the particle unchanged. The protease also cleaves itself, and its fragments, as well as those cleaved from the subunit, diffuse out of the particle, leaving prohead II empty except for solvent. The processing and exit of the products increases the stability of prohead II, and activates it for the next step, the expansion that produces the head I particle. All available data suggest that the subunit proteins are trapped in prohead I as folding intermediates [4] , and only complete their folding in the expanded head I particle. In vivo, the formation of head I is initiated by packaging of the viral DNA.
The subunit reorganization associated with head I formation increases the particle size from roughly 450 Å to nearly 600 Å, more than doubling the internal volume and dramatically changing the particle's shape. Duda and collaborators [16] stimulated this expansion in vitro by exposing prohead II to a variety of protein denaturing agents, which drive the folded subunit out of its local energy minimum -stabilized by the prohead -into the fold found in head I. The structural changes associated with expansion must place the residues properly for the physical and chemical cross-linking that defines the final step in the assembly and the formation of head II. The transition from head I to head II is spontaneous, and is completed in less than one hour. As imaged by cryoelectron microscopy, the structure of head II is indistinguishable from head I, but analysis of these particles by gel electrophoresis reveals the remarkable final events of particle maturation [16] .
Head 2 contains an organization of subunits that has not previously been demonstrated in a biological assembly. The unprecedented physical organization proposed by Duda [3] depends on an unprecedented chemical link [16] , generated by an autocatalytic environment within the particle. This is the first reported example of a sidechain mediated lysine-asparagine covalent bond in a protein, although lysine-glutamine links are common in connective tissue [17] and blood-clotting pathways [18] . The lysine-glutamine links are generally produced by transglutaminases -they have never been reported to be produced autocatalytically. Autocatalytic cleavages are common in a variety of virus particles, however, and detailed mechanisms have been proposed and supported for some of these [19] . Nothing comparable to the HK97 Figure 3 (a) The geometric basis for an icosahedral particle with a T=7 surface lattice. Conceptually, a quasi-equivalent lattice is formed from a sheet of hexamers in which specific hexamers are replaced by pentamers.
Any hexamer in such a sheet can be indexed by the number of steps from a chosen origin along the h and k axes required to reach its center. The surface lattice for this resulting particle is described by the T number, a function of the indices (h,k) of the hexamers that have been replaced by pentamers (T = h 2 + hk + k 2 ). For a T=7 particle, such as HK97, the indices can be either (1,2) or (2,1). Regardless of the values of h and k chosen, an equilateral triangle can be defined in which the vertices are the origin, the center of the hexamer defined by (h,k) and the centre of the three-fold-related hexamer. (b) Twenty such identical triangles can be arranged as shown. (c) These twenty triangles can be folded into an icosahedral particle of 12 pentamers and 60 hexamers. The covalent catenation of hexamers and pentamers that results from the inter-subunit covalent links creates fascinating topological problems when trying to envision the details of this process as it plays out in assembly. The multi-step assembly is probably required to achieve the configurations of interdigitating subunit contacts required for both the cross-linking and the catenation. A precedent for extended subunit arms proposed in the model shown in Figure 1 is provided by picorna virus shells. The VP3 subunits of picorna viruses are clustered about three-fold symmetry axes, but their amino termini extend great distances to interact with their five-foldrelated counterparts about the pentamer axes [20] .
Viral subunits normally occupy discrete volumes and form extensive interactions with their neighbors through large, exposed, complementary surfaces [21] . The initial assembly of HK97 prohead 1 is consistent with this type of interaction. During expansions and refolding, however, portions of the subunits must invade regions occupied by neighbors to facilitate formation of the chainmail. At the same time, the catalytic center must form to generate the cross-link. It will be interesting to see the reaction of the structural virology community when the structure of HK97 is solved [22] . Will we be able to say "yes, of course", or will this be a case where the structural biologist will have to ask "why was this approach chosen?"
